Recent studies have suggested that, in ES cells, inactive genes encoding early developmental regulators possess bivalent histone modification domains and are therefore poised for activation. However, bivalent domains were not observed at typical tissuespecific genes. Here, we show that windows of unmethylated CpG dinucleotides and putative pioneer factor interactions mark enhancers for at least some tissue-specific genes in ES cells. The unmethylated windows expand in cells that express the gene and contract, disappear, or remain unchanged in nonexpressing tissues. However, in ES cells, they do not always coincide with common histone modifications. Genomic footprinting and chromatin immunoprecipitation demonstrated that transcription factor binding underlies the unmethylated windows at enhancers for the Ptcra and Alb1 genes. After stable integration of premethylated Ptcra enhancer constructs into the ES cell genome, the unmethylated windows readily appeared. In contrast, the premethylated constructs remained fully methylated and silent after introduction into Ptcra-expressing thymocytes. These findings provide initial functional support for a model in which pioneer factor interactions in ES cells promote the assembly of a chromatin structure that is permissive for subsequent activation, and in which differentiated tissues lack the machinery required for gene activation when these ES cell marks are absent. The enhancer marks may therefore represent important features of the pluripotent state.
pigenetic properties responsible for the pluripotency of ES cells are of interest because of the therapeutic potential of stem cell-derived tissues. Pluripotency is established during early embryogenesis because somatic cell nuclei can be converted to a pluripotent state upon injection into oocytes (1) . An initial view was that epigenetic reprogramming involves broad demethylation of DNA during the earliest stages of embryogenesis, followed by extensive methylation (2) (3) (4) . Studies using methylation-sensitive restriction enzymes contributed to a model in which methylation promotes the assembly of condensed silent chromatin at tissue-specific genes, with subsequent transcriptional activation requiring chromatin decondensation (2) (3) (4) . Support for this model was provided by studies of the Alb1 (albumin) gene. FoxA1 appears to act as the pioneer factor at Alb1 by binding an Alb1 enhancer in definitive gut endoderm and initiating the events that culminate in transcription (5, 6) .
In contrast to the above model, genome-wide analyses of histone modifications have suggested that, in ES cells, genes encoding regulators of early development are associated with bivalent chromatin domains that are poised for activation (7) (8) (9) (10) . In one model that is consistent with the accumulated data, genes encoding regulators of lineage commitment are poised in ES cells, but more typical tissue-specific genes are unmarked and assembled into silent chromatin structures as they await chromatin decondensation catalyzed by pioneer factors. Nevertheless, active histone modifications were found within the B-lineage-specific 5 locus in ES cells, leading to the hypothesis that these modifications may be necessary for transcription competence (11, 12) .
The current study began as an effort to understand the developmental regulation of a thymocyte-specific gene, Ptcra, with DNA methylation analyses used as one method for monitoring the epigenetic state of the locus. To our surprise, a selectively unmethylated window was found within a well studied thymocyte-specific enhancer in ES cells and hematopoietic stem cells (HSCs). An analysis of enhancers for other lineage-restricted genes suggested that the presence of unmethylated windows in ES cells is quite common and results from transcription factor binding. Most importantly, functional studies provided evidence that factor binding in ES cells may be essential for gene transcription in differentiated cell types.
Results and Discussion DNA Methylation at the Ptcra Locus. To study events that regulate a typical tissue-specific gene during embryogenesis, we used bisulfite sequencing to monitor DNA methylation at the mouse Ptcra locus. Ptcra, which encodes a subunit of the pre-T cell receptor complex, is expressed almost exclusively in immature thymocytes (13) . The Ptcra locus is located between two constitutively expressed genes that contain cytidine phosphate guanosine (CpG)-island promoters. Between the CpG islands, the Ptcra enhancer and promoter are the only noncoding DNA regions that exhibit evolutionary conservation. Studies of transgenic mice have shown that these regions are sufficient for proper Ptcra regulation (13) (14) (15) (16) .
In primary mouse thymocytes, most CpGs within the Ptcra locus were heavily methylated. However, low methylation was observed at 18 CpGs within an 848-bp region spanning the Ptcra enhancer and at three CpGs close to the promoter (Fig. 1) . Upon transcriptional inactivation after thymocyte maturation, the methylation pattern was unchanged.
Surprisingly, when the mouse CCE ES cell line was examined, a clear unmethylated window was observed at the Ptcra enhancer (Fig. 1) , despite the absence of transcription [supporting information (SI) Fig. 6 ]. One of the unmethylated CpGs (Ϫ4,080) is within an Myb binding site shown to be critical for enhancer function (13, 14) . As additional controls, DNA methylation was examined in total spleen and liver, revealing reduced methylation at the Ptcra enhancer in both tissues.
Ptcra Methylation in Hematopoietic and Nonhematopoietic Populations. To characterize Ptcra methylation further, 16 additional cell populations were examined (Fig. 2) , including an independent ES cell line (J1). In both ES cell lines, low methylation (40% or less) was found within the Ptcra enhancer at several CpGs. Although variability was observed, similar variability was observed within the CCE line in independent experiments (SI Fig. 7) .
After differentiation of the CCE ES cells into embryoid bodies (EB) (17) , methylation increased at some CpGs within the Ptcra enhancer, but others remained largely unmethylated. In primary blastocysts, low methylation was found at a subset of the CpGs that exhibited low methylation in the ES cell lines (Fig. 2B) . Overall, methylation in blastocyst DNA was low, consistent with previous reports (2) .
Methylation was also examined in purified HSCs (18) . In HSCs, which do not express Ptcra (SI Fig. 6 ), low methylation (40% or less) was observed at several CpGs in the Ptcra enhancer (Fig. 2B) . We also analyzed methylation in purified multipotent progenitors (18), common lymphoid progenitors (H. Karsunky and I.L.W., unpublished data, and ref. 19) , and common myeloid progenitors (20) and observed profiles similar to the HSC profile. Finally, in bone marrow-derived macrophages (BMDM), muscle, brain, and sperm, methylation was absent at the CpG overlapping the Myb site (Ϫ4,080), with low methylation at a few other CpGs in most tissues. These results demonstrate that the tissue-specific Ptcra enhancer possesses an unmethylated window in ES cells, HSCs, and all other tissues examined.
DNA Methylation at an Inducible, Tissue-Specific Il12b Enhancer. We next examined an enhancer for Il12b, which encodes the p40 subunit of IL-12 and IL-23 (21, 22) . The Il12b enhancer coincides with a 545-bp conserved region 10 kb upstream of the start site ( Fig. 3A ; Ϫ9,437 to Ϫ9,981) (22) . Il12b is expressed only in differentiated macrophages and dendritic cells after stimulation (SI Fig. 6 ) (21) . In fact, the Il12b enhancer was discovered as a DNase I hypersensitive site detectable only in macrophages stimulated with LPS (22) . Furthermore, ChIP experiments revealed that Oct-1, Oct-2, C/EBP␤, and BRG1 associate with the enhancer only after LPS stimulation (22, 23) . Thus, the Il12b enhancer appears to possess an unperturbed chromatin structure in resting macrophages, with substantial alterations only after microbial stimulation.
Despite the above, all six CpGs within the enhancer were selectively unmethylated in resting BMDM ( Fig. 3A and SI Fig. 8 ; Ϫ9,420 through Ϫ9,874). Remarkably, in the two ES cell lines, most of these CpGs were also unmethylated (Fig. 3A) . The three CpGs closest to the promoter were unmethylated in BMDM, suggesting that the gene is poised for activation. However, the promoter CpGs were mostly methylated in ES cells, consistent with the absence of Il12b expression.
DNA methylation at Il12b was examined in several other cell populations (Fig. 3A) . The regions examined were largely unmethylated in total blastocysts, consistent with previous evidence of low overall methylation in blastocysts (2). It is not clear why methylation in blastocysts is lower at the Il12b locus than the Ptcra locus. In EB, the unmethylated window at the Il12b enhancer narrowed, reminiscent of the Ptcra results. The unmethylated window at the Il12b enhancer was also apparent in HSCs and the other populations examined, with brain exhibiting somewhat higher methylation than the other tissues. No CpGs in the Il12b enhancer were unmethylated in sperm.
An Unmethylated CpG at the Alb1 Enhancer. We next examined the liver-specific Alb1 (albumin) enhancer (5, 6, 24) . FoxA1 binding sites in this enhancer (Fig. 3D ) are occupied in gut endoderm, leading to the hypothesis that FoxA1 acts as a pioneer transcription factor that promotes opening of the locus. However, the Alb1 enhancer had not been examined in ES cells.
Five CpGs spanning the Alb1 enhancer exhibited low methylation in liver, consistent with Alb1 expression in these cells ( Fig. 3B and SI Fig. 6 ). The partial methylation probably reflects the fact that some cells in the liver preparation were not hepatocytes. Interestingly, in the two ES cell lines, one CpG in the Alb1 enhancer was extensively unmethylated. This CpG, at Ϫ10,695, is located within one of two FoxA1 binding sites (Fig. 3D ). An examination of the ES cells used for the bisulfite sequencing analysis revealed that the cells uniformly expressed two markers of pluripotent ES cells, Oct-4 and SSEA-1, ruling out the possibility that the low methylation was due to spontaneous differentiation (SI Fig. 9 ). In addition, comparable results were obtained in five independent analyses of CCE ES cells ( Fig. 3C) . It is noteworthy that the methylation profile of this enhancer differs from those of the Ptcra and Il12b enhancers, because the Alb1 enhancer was fully methylated in most other tissues examined.
Protein-DNA Interactions at the Ptcra and Alb1 Enhancers. A likely explanation for the presence of the unmethylated windows is that sequence-specific DNA binding proteins occupy the tissue-specific enhancers in ES cells. Dimethyl sulfate genomic footprinting experiments with the Ptcra enhancer confirmed this prediction because clear regions of protection from modification were observed in ES cells, with a few nucleotides hypersensitive to modification ( Fig. 4A ; see also SI Fig. 10 ). The nucleotides that were most clearly protected in ES cells are in close proximity to two E boxes and a CSL site [CBF-1, Su(H), Lag-1] (15). These results demonstrate that proteins occupy the Ptcra enhancer in ES cells, although the identities of the proteins remain unknown.
At the Alb1 enhancer, the CpG that is unmethylated in ES cells coincides with a binding site for FoxA1 (5, 6) . FoxA1 is not expressed in ES cells (data not shown), but bioinformatics studies suggested that another Fox family member, FoxD3, may bind the enhancer. Furthermore, previous studies had suggested that FoxD3 contributes to a pluripotency network (25) (26) (27) . Indeed, ChIP experiments demonstrated that FoxD3 interacts with the Alb1 enhancer in ES cells (Fig. 4B ). FoxD3 binding may therefore be responsible for the unmethylated window, and pioneer interactions with the Alb1 enhancer may first occur in pluripotent cells rather than committed endoderm.
Histone Modifications at the Ptcra and Il12b Enhancers. To determine whether the unmethylated windows coincide with histone modifications, ChIP experiments were performed. Peaks of histone H3-K9 acetylation and histone H3-K4 di-and trimethylation were observed at the Ptcra enhancer in ES cells (SI Fig. 11 ), but these modifications were not observed at the Il12b or Alb1 enhancers (SI Fig. 12 and data not shown). Peaks of histone H3-K27 trimethylation were not observed at any of the enhancers in ES cells (SI Figs.  11 and 12 ), despite the successful use of these antibodies in positive control experiments (SI Fig. 13 ). These results suggest that the unmethylated windows in ES cells coincide with common histone modifications at some, but not all, enhancers.
Enhancer Marks in ES Cells May Be Essential for Subsequent Transcription. The above results provide compelling evidence that at least some silent tissue-specific genes in ES cells are not assembled into chromatin structures that render them inaccessible to transcription factor binding. However, the functional significance of the marks remains unknown. The ES cell marks could be necessary for the subsequent expression of the genes, could help keep the genes silent in pluripotent cells, or could have no functional relevance.
To distinguish among these possibilities, we stably transfected Ptcra enhancer-promoter-GFP-insulator reporter plasmids into ES cells after premethylation with the SssI CpG methylase to eliminate the unmethylated windows ( Fig. 5A and SI Fig. 14 A and D) . The initial hope was that the plasmids would remain fully methylated, allowing us to differentiate the cells into thymocytes to determine whether the absence of the unmethylated window prevented transcription. However, analysis of seven independent stably transfected ES cell clones revealed that methylation was lost at CpGs within the enhancer (Fig. 5B and SI Fig. 14C ). The loss of methylation was most efficient at Ϫ4,080, which exhibits the lowest methylation in a broad range of tissues. Methylation was not lost at two other regions of the plasmid (data not shown). These results suggest that transcription factors in ES cells can gain access to the premethylated enhancer and promote the loss of methylation by preventing maintenance methylation or by promoting active demethylation. This transition to the unmethylated state occurs even though the GFP reporter gene remains inactive (SI Fig. 15) .
Although the loss of methylation prevented us from performing the experiment that was originally envisioned, a surprising result was obtained when the experiment was repeated in the Ptcraexpressing VL3-3M2 thymocyte line. Although GFP reporter activity was readily detected when the unmethylated plasmid was stably transfected into this line (SI Fig. 15 ), the premethylated plasmid was resistant both to transcription and loss of enhancer methylation ( Fig. 5C and SI Fig. 15 ). That is, although pluripotent ES cells do not express the full complement of factors required for Ptcra transcription, they express the factors and/or machinery required for the efficient loss of methylation from a premethylated Ptcra enhancer. In contrast, differentiated thymocytes express the factors required for Ptcra transcription, but they lack factors or machinery required for activation of a reporter plasmid in which the enhancer mark has been eliminated by in vitro methylation. Efficient methylation remained intact in all VL3-3M2 clones from two transfection experiments and in all clones derived from transfection of a second thymocyte line ( Fig. 5D ; see also SI Fig. 14 G and H) . These results provide initial evidence that the enhancer marks in ES cells may be essential for subsequent expression of tissue-specific genes; these marks may be necessary because differentiated tissues may lack specific factors or machinery needed to activate an unmarked enhancer.
Conclusions
Our results show that a feature of pluripotent ES cell lines is the existence of unmethylated windows within the enhancers of typical tissue-specific genes. The binding of transcription factors appears to be responsible for the unmethylated windows. A central unanswered question is whether the unmethylated windows and underlying protein-DNA interactions observed in ES cells are important for the proper regulation of tissue-specific genes. The protein-DNA interactions could be essential for subsequent transcription in differentiated tissues, or they could contribute to the silent state in ES cells. Alternatively, the marks may serve simply as diagnostic marks that could be useful for predicting the developmental potential of stem and progenitor cells.
The stable transfection results provide initial evidence that the enhancer marks may indeed be essential for subsequent transcription. ES cells, but not thymocytes, appear to possess factors or machinery required for the loss of methylation from a premethylated plasmid. The thymocytes may lack this capacity because the DNA binding proteins required for endogenous Ptcra transcription in thymocytes may differ from the enhancer binding proteins present in ES cells. Alternatively, protein complexes that modulate chromatin structure may be fundamentally different in pluripotent versus differentiated cells. We favor this latter possibility based on evidence that ES cell chromatin is generally less compact than chromatin in differentiated tissues (12) .
Although the data support a model in which differentiated tissues may not be competent to activate a locus in the absence of preexisting enhancer marks, further studies are needed to establish the precise reason these marks exist. Previous studies have shown that differentiated cell lines are indeed capable of promoting the loss of methylation at some premethylated tissue-specific enhancers (28, 29) . Therefore, premethylation does not always induce the formation of an activation-resistant chromatin structure in differentiated cells. One notable difference between our studies and the previous studies, however, was the existence of flanking ␤-globin insulator sequences in our plasmids, which may further restrict the loss of methylation. In the future, it will be necessary to devise a strategy that can erase enhancer marks at endogenous loci in differentiated tissues. At this time, we can only conclude that an enhancer capable of promoting the loss of DNA methylation in ES cells cannot promote the loss of methylation in cells that express the corresponding endogenous gene.
We must also consider the possibility that the unmethylated windows and underlying protein-DNA interactions at tissuespecific enhancers in ES cells help keep the genes silent. The histone modification results seem inconsistent with this hypothesis. However, it is noteworthy that the CSL site in the Ptcra enhancer appeared to be occupied in the genomic footprinting experiments. CSL proteins are repressors in the absence of Notch signaling and activators when associated with the Notch intracellular domain (15, 30) . Although this finding raises the possibility that the interactions observed in ES cells contribute to repression, the histone acetylation observed at the Ptcra enhancer is inconsistent with this hypothesis.
Although several previous studies of DNA methylation in early embryos have been performed, the existence of unmethylated windows in enhancers for tissue-specific genes was not observed for multiple reasons. First, the earliest studies relied on methylationsensitive restriction enzymes, which provided information about only one or two CpGs in the vicinity of a gene. Another limitation is that most previous studies focused on primary embryos rather than ES cell lines. An examination of primary ES cells derived from blastocysts, without in vitro expansion, would clearly be preferable to ES cell lines. However, previous studies of DNA methylation during embryogenesis focused on total blastocysts, although pluripotent cells within blastocysts are restricted to the inner cell mass and the number of pluripotent cells within the inner cell mass remains unknown. The extent to which the methylation properties of ES cell lines are representative of primary ES cells will therefore remain unknown until primary ES cells are purified in sufficient quantities for methylation analysis.
Finally, it is important to consider the possible relevance of these enhancer marks to the pluripotency of ES cell lines. If the unmethylated windows and protein-DNA interactions observed at the Ptcra, Il12b, and Alb1 enhancers are truly essential for transcription in differentiated cells, the factors responsible for these marks may be required for full ES cell pluripotency. Because different DNA binding proteins are likely to be associated with different tissuespecific enhancers in ES cells, a large number of DNA binding proteins may contribute to pluripotency, although loss of any one factor may preclude the subsequent expression of a relatively small number of tissue-specific genes.
Materials and Methods
Cells. Thymocytes and tissues were isolated from C3H mice (4-8 weeks old) as described in ref. 31 . The VL3-3M2 and EL4 thymocyte lines and J774 macrophage line were maintained as described in refs. 32 and 33. Thymocytes were stimulated with PMA (7.5 ng/ml) and ionomycin (180 ng/ml) for 16-18 h. BMDM were prepared as described in ref. 34 . Mature sperm and blastocysts were collected by using standard methods. Hematopoietic progenitors were purified from C57BL/6 bone marrow cells as described (refs. 18-20 ; H. Karsunky and I.L.W., unpublished data).
CCE ES cell lines and J1 were maintained on gelatin-coated Petri dishes in DMEM (Invitrogen, Carlsbad, CA) with 15% FBS (Gemini Bio-Products, West Sacramento, CA), 150 M monothioglycerol (MTG; Sigma-Aldrich, St. Louis, MO), and 1,000 units/ml leukemia inhibitory factor (Chemicon, Temecula, CA). ES cells were differentiated into EB for 6 days (17).
Bisulfite Sequencing. DNA from preimplantation embryos was isolated as described in ref. 35 . DNA from hematopoietic progenitor cells (118,000-460,000 cells) was isolated by using a modified SDS/proteinase K protocol (36) . DNA from cultured ES cells, EB, and tissues was isolated by using the DNeasy tissue kit (Qiagen, Valencia, CA). Preimplantation embryos were treated with bisulfite as described in ref. 35 . DNA from adult tissues or cultured cells was treated with bisulfite as described in refs. 37 and 38 with modest modifications (see SI Materials and Methods). PCR of the bisulfitetreated DNA was performed by using specific primers (see SI Materials and Methods).
Plasmids and Stable Transfection. A 0.37-kb Ptcra core enhancer fragment and a 0.5-kb promoter fragment were subcloned into the NheI and BstBI sites of the reporter vector pd2EGFP (Clontech, Mountain View, CA), using PCR methods. A 1.2-kb chicken ␤-globin insulator was subcloned before the Ptcra enhancer and after the EGFP polyA site. Twenty-five to forty micrograms of the plasmid was linearized by XmnI digestion, followed by incubation with 40-100 units of SssI (CpG) methylase (New England BioLabs, Ipswich, MA). Incubation was carried out overnight at 37°C in 400 l of NEBuffer 2 (50 mM NaCl/10 mM Tris⅐HCl, pH 7.9/10 mM MgCl 2 /1 mM DTT) and 160 M S-adenosylmethionine, which was added every 4 h. The methylated DNA was extracted with phenol/ chloroform, precipitated with ethanol, and dissolved in 50 mM Tris⅐HCl (pH 7.4). Efficient methylation was confirmed by bisulfite sequencing.
Linearized unmethylated or methylated plasmid (25-40 g), together with 2 g of a vector containing a neomycin-resistant gene (pQCIXN; Clontech), was used for each stable transfection. CCE ES cells were electroporated by using a Bio-Rad (Hercules, CA) GenePulser II at 500 FD, 0.24 kV. ES cell stable clones were selected in G418 (150 g/ml) for 7-10 days; 20-40 colonies were transferred to 24-well plates for further culture. Positive clones containing the transgenes were verified by PCR and Southern blot. For stable transfection of VL3-3M2 and EL4 cells, 10 7 cells were electroporated by using a pulse of 960 FD, 0.27 kV. After 48 h, cells were selected with puromycin (1 g/ml), expanded, and screened as above. 
